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Furthermore, we recently reported that miR-142 is required in order to maintain the biconcave shape of erythrocytes, their structural resilience and lifespan, through a mechanism that involves actin filament homeostasis. 3 Here, we used a mouse loss of function allele to characterize a new axis, where miR-142 functions upstream of Rac1 in regulating erythropoiesis.
The expression of the two mature miRNAs, miR-142-3p and miR-142-5p, emerging from the miR-142 precursor (pre-miR-142) is completely nullified in the hematopoietic lineages of the mouse model that we developed, 2 including in circulating blood cells (Online Supplementary Figure S1A ) and in red blood cells (Online Supplementary Figure S1B) . miR-142-deficient mice suffer from mild anemia that is associated with a shorter lifespan of adult red blood cells and with reticulocytosis. 3 Therefore, we hypothesized that compensatory erythropoiesis takes place at the bone marrow (BM). Unexpectedly, macroscopic examination of femurs and of freshly isolated BMs revealed erythroid hypoplasia in the BM in miR-142 -/-animals, relative to controls ( Figure 1A ). The reduced BM cellularity is probably not due to fibrosis, since reticulin staining was distributed in the expected pattern, in both wild-type (WT) and miR-142 -/-bones (Online Supplementary Figure S2) .
We then characterized erythropoiesis directly by erythroid precursor cytometry, using antibodies against the surface markers CD71 and TER119, which showed impairment in the normoblast series ( Figure 1B and C) . Therefore, erythropoiesis is impaired in miR-142 knockout animals.
miR-142 -/-mice exhibit splenomegaly and disorganized spleen parenchyma; smaller white pulp nodules and red pulp expansion (Online Supplementary Figure S3A and B) are consistent with our previous report. 
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splenomegaly could have resulted from exacerbated destruction of erythrocytes; however, flow cytometry of splenic populations revealed that miR-142 -/-animals exhibited extramedullary erythropoiesis ( Figure 1D and E). Exploring the proportions of normoblast subpopulations in spleen and BM for miR-142 -/-values divided by wild-type values revealed that a miR-142-deficient spleen is more active than a WT spleen, and it is plausible that the spleen compensates for BM insufficiency ( Figure 1F) .
To test spleen function in a miR-142 null model directly, we surgically excised the spleen. Splenectomized miR-142 -/-mice showed more severe anemia and limited reticulocytosis compared to WT splenectomized mice (Online Supplementary Figure S3C -J). Therefore, spleen erythropoiesis probably compensates for reduced BM erythropoiesis, faster destruction of circulating miR-142 deficient erythrocytes, or both. Flow cytometry of E13.5 FL revealed impairments in embryonic erythropoiesis that are comparable with those observed in adult BM ( Figure 1G and H). The similarity between the defects caused by loss of miR-142 in embryogenesis and in adulthood suggests a constitutive requirement for miR-142 activity in the life of the organism. ) were significantly upregulated in miR-142 -/-CFUe compared to the reference ( Figure 2B) . However, such signature was not observed for the sister miRNA, miR-142-5p, suggesting that miR-142-3p is the active guide miRNA from the pre-miR-142 hairpin in erythroid cells.
We extended the investigation of miR-142 transcriptomic effect to human erythropoiesis, by interrogating an RNA-Seq dataset of the Gallagher lab 5 for changes in target expression at different stages of human erythropoiesis. We uncovered a conjoint de-repression pattern of 167 mRNAs in human polychromatic and orthochromatophilic normoblasts whose only common characteristic is that they harbor a conserved miRNA recognition element for miR-142 at the 3'UTR. This signature was specific for miR-142-3p targets, and was neither seen in the target-set of miR-142-5p, nor in 9800 other mRNAs that lack miR-142 binding sites ( Figure 2C ). Furthermore, similar analyses of targets predicted for miR-451 and miR-191 did not show similar trends (data not shown). These data from unmanipulated human cells underpin the role of miR-142 in erythropoiesis and suggest that it plays comparable roles in humans.
We sorted erythroid cells by FACS, extracted RNA, and performed a quantitative real time PCR (qPCR) study to characterize 15 mRNAs that illustrate facets of erythropoiesis. Hemoglobin mRNAs (Hbb-b1, Hba-a1) and the heme synthesis enzyme Alas2 were reduced by approximately 50% in RNA from miR-142 deficient BM cells compared to control ( Figure 2D ). This is a signature of apparent immaturity that is aligned with the reported structural defects in adult red blood cells.
3 It might also be linked to reduced expression of Gata1 and up-regulated levels of Gata2, Ldb1and Lmo2. 6 The molecular block in BM erythroid differentiation is compensated by spleen erythropoiesis that is consistently less affected by loss of miR-142 ( Figure 2E ).
While key genes were dysregulated to different extents in FL, BM and spleen erythroid cells, upregulation of Rac1 and Cfl2 was consistent across all miR-142-deficient samples (Figure 2D-F) . Rac GTPases play important roles in controlling actin cytoskeleton organization, 7, 8 erythropoiesis, 9 and enucleation 10 (reviewed by Kalfa and Zheng
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) reminiscent of miR-142 loss of function phenotypes.
Because there is evidence that Rac1 is a target of miR-142 in hepatocellular carcinoma cell lines 12 or T cells, 13 and since perturbed Rac phenotypes are reminiscent of miR-142 activity, we hypothesized that Rac1 functions as a key effector of miR-142 in erythropoiesis. To test this hypothesis further, we quantified RAC1 protein levels, and found it to be up-regulated approximately 2 fold in miR-142 −/− BM ( Figure 3A and B). We next analyzed erythropoiesis ex vivo in fetal liver, BM or spleen cells cultured on methylcellulose under conditions that promote erythroid cell colony formation. Quantification of BFUe / CFUe revealed higher number of colonies, larger colony size, and reduced differentiation (benzidine staining) in FL and spleen, but not in BM culture, compared to controls ( Figure 3C and D, and Online Supplementary Figure S4) . Therefore, miR-142 KO BFUe/CFUe exhibit higher proliferation rates and reduced differentiation.
NSC23766 is a known Rac1 inhibitor, 14 and we introduced this to dissociated FL, BM or spleen cells in methylcellulose cultures. Rac1 inhibition normalized CFUe colony numbers suggesting that Rac1 functions downstream of miR-142 in regulating erythroid proliferation / differentiation (Figure 3C and D) . We then pursued in vivo evidence for the activity of Rac1 downstream of miR-142. Treatment of miR-142 -/-mice with Rac1 inhibitor (NSC23766; 2.5 mg / Kg /day for 10 days) partially recovered bone marrow erythropoiesis, including basophilic (II), orthochromatophilic (IV), and erythroblast populations ( Figure 3E and F) . Additional evidence for amelioration of disease burden included reduced spleen size, alleviation of compensatory spleen erythropoiesis, and improved blood cell counts in the circulation (Online Supplementary Figure S5A-F) .
Interestingly, constitutively active and dominant negative forms of Rac1, or Rac2, significantly decreased enucleation, suggesting that Rac1 expression should be tightly maintained for normal enucleation.
10,15
We assessed enucleation in miR-142-deficient BM. Enucleating cells exhibit eccentric Ter119-Hoechst D centroid signal, which can be quantified by ImageStreamX flow cytometer, following McGrath et al. 16 (Online Supplementary Figure S6A-C) . The bone marrow miR-142 −/− erythroblasts possessed reduced enucleation capacity compared to controls. However, after treatment of miR-142 −/− BM with Rac1 inhibitor, enucleation capacity was recovered ( Figure 3G ).
Our data here and those in a previous report 3 reveal that miR-142 controls several red blood cell properties, including erythropoiesis and cytoskeleton organization. Rac proteins and miR-142 regulate several related functions, primarily Actin cytoskeleton homeostasis and erythrocyte membrane mechanics, 3, 7 suggesting that a shared miR-142-Rac1 pathway underpins miR-142 function. Rac1 is a direct target of miR-142-3p and pharmacological inhibition of Rac in miR-142 −/− mice improves BM erythropoiesis and ameliorated extramedullary spleen erythropoiesis. The conceivable evidence for functional epistasis in vivo is further supported by a fascinating phenotype similarity: both Rac proteins and miR-142 control homeostatic erythropoiesis and CFUe proliferation, 9 and their activity is primarily restricted to the BM, while only marginally affecting extramedullary spleen erythropoiesis.
7 Furthermore, gain (or loss) of Rac activity impairs enucleation, in accordance with the phenotypes reported here for the miR-142 allele.
In summary, our studies uncover a critical role for miR-142 in erythropoiesis, upstream of Rac1. Lineage-specific miRNAs expose new dimensions in erythroid regulatory networks and highlight the involvement of a novel miR-142-Rac1 pathway in regulating erythro-proliferation and differentiation.
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